The purpose of this research was to determine the behavior of modified summated poly (ether ether ketone) (SPEEK) with degree of sulfonation (DS) 68% blended by charged surface modifying macromolecule (cSMM) at different operating temperatures (room to 80'C) for direct methanol fuel ceil application. The fabricated SPEEK (68)!cSMM membrane was compared with SPEEK (68) and Nafion112 membranes in terms of water uptake. proton cond uctivity, and methanol permeability at relatively high temperatures. The water uptake of SPEEK (68)! cSMM was higher than that of SPEEK (68) and Nafion112 over the temperature ranges studied; however it was dissolved at 80°C. Proton conductivity of SPEEK (68)!cSMM showed improvement compared to SPEEK (68) at temperature range, but still lower than Nafion112, moreover methanol permeability behavior offabricated membrane was lower at high temperatures as compared to thatofSPEEK and Nafion112 and better overall performance was allocated to the fabricated membrane at 60'C.These results indicate that SPEEK (68)IcSMM membrane is promising to be used as a proton exchange membrane in direct methanol fuel cell.
INTRODUCTION
Energy crisis and environment pollution have promoted researchers to find alternative energies instead of fossil fuels. Fuel cell is an alternative energy which has attracted a great deal of attention nowadays [1] . Direct methanolfuel cell (DMFC) is a type of fuel cell which has been studied widely to be used in the notebook computers, cell phones and other electronic devices due to its convenient fuel supply and quick start time [2, 31 . Proton exchange membranes (PEMs) are the heart offuel cells which should have some criteria to be commercialized: high proton conductivity, low methanol permeability and good mechanical and chemical stabilities [41. Nafion is considered as the most commercialized PEM in fuel cell industry due to its excellent chemical and electrochemical properties and its high proton conductivity when it is hydrated, however its downsides such as high cost, and high methanol permeability especially at high temperatures have stimulated researchers to consider other possible alternatives [5] [6] [7] [8] [9] . Sulfonated poly (ether ether ketone) (SPEEK), Poly (ether sulfone) (PES), and polybenzimide (PBI) are non-fluorinated polymers which possess outstanding criteria such as superior chemical stability, high thermo-oxidative resistance, cheaper prices compare to Nafion and well-behaved mechanical properties [4] . The major issue of SPEEK membrane is beside water uptake .cSMM is a modified structure of the SMM which possesses sulfonic acid groups, The synthesis of cSMM is shown in Figure I .
In this study the behavior of SPEEK (68)/ cSMM on water uptake, methanol permeability, and proton conductivity was studied at different temperatures. The membrane also was compared with SPEEK (68) and Nafion112 at relatively high temperatures. PEEK was sulfonated by following technique which is described in [19, 20] . 5 grams of PEEK was dried in a vacuum oven at 1aaoe for 24 hrs. and then it was dissolved in 95 ml of concentrated sulfuric acid (95·97%) at room temperature to suppress the heterogeneous sulfonation. After completing the dissolution of PEEK (about I h), the polymer solution was brought to the desired temperature 65 and it was hold for 3 h to obtain the desired degree of sulfonation (DS). In order to terminate the reaction, the polymer solution was poured into excess ice-cold deionized water under continuous stirring for one night to remove the residual acid. The polymer was washed repeatedly with deionized water till a neutral PH is reached. Tl ,) dried by air circulation oven at 60°C '6"t [21] . After cooling to room temperature, the membrane was converted into the H+ form by immersing it into aIM sulfuric acid solution for 24 hrs at the room temperature and blotted dry with absorbent paper before it was air dried [21] .
Characterization of Membrane

Methanol Permeability Measurement at Different Temperatures
Diaphragm diffusion was used to determine the methanol permeability of the fabricated membrane at different temperature, The apparatus was made of two identical compartments (A and B) which were separated by an effective area of 5,067 cm
,
Compartment A (V= 150 cm 3 ) was filled with 1 M methanol, while compartment B (V= 150 em3) was filled with deionized water. The methanol molecules diffused along the concentration gradiant through the membrane into the opposite compartment. It should be expressed that during the experiment magnetic stirrer was used in each compartments to ensure uniformity. Liquid samples (500 ul) were taken every 30 min to measure methanol concentration changes in compartment B by a digital refractometer (Perkin Elmer, USA), Before testing all membranes were hydrated in de-ionized water for at least 24 hand the thicknesses in hydrated form were from 54 to 72 um, it should be mentioned that methanol diffusion was induced by a concentration gradient across the membrane, Hence, the change of methanol concentration in the diffusion reservoir expressed with below equation, the diffusion coefficient was obtained by following equation
Where C B is the methanol concentration , diff .
. 
CB(t)
----=m (2) t -to The Figure 2 shows the apparatus which was used to measure methanol permeability. Tocontrol the temperature two digital thermometers were attached to the heater and put in each compartment.
Proton Conductivity Measurement at Different Temperatures
The proton conductivity of the membrane was measured by AC impedance technique using a Solarton 1260 impedance-gain phase analyzer. The impedance spectra recorded over the frequency range of 0.1 Hz to 10 MHz with 50 to 500 mV oscillating voltage in 100% RH and different temperatures (room to 80°C) . Membrane samples with thicknesses between 57 to 74 urn equilibrated in deionized water for 24 hrs before being tested. Then, the membranes were placed between two stainless-steel electrodes which had 2.011 cm 2 face areas, and then these stainless-steel electrodes and membrane were put in a conductive cell (this cell was used to host the sample tightly). The membrane resistance (Q) obtained from the intercept of the impedance curve with the realaxis at the high-frequency end. Finally proton conductivity of membranes were calculated according to below equation [23] ;
Water Uptake Measurement at Different Temperatures
The membranes were dried in an oven at 60°C for 48 hrs and weighted (VI{h'Y) and then immersed in deionized water at desired temperature. After taking out the membranes the surface water was removed by absorbent paper and membranes were weighted quickly (U\veJ. Finally,% of water uptake calculated from below equation (5) W wet -W dry Water uptake = ---~------x 100 (5) W dry
Where W wet and Wdry,where the weight of the wet and the dry membrane, respectively [21] .
Land 5 are the thickness and face area of the membrane, respectively.
Overall Membrane Characteristic
The overall membrane characteristic can be determined using the following expression (6) [22J: (6) Where ll>is a parameter that evaluate the overall membrane characteristic in terms of the proton conductivity. o to the methanol permeability, P. The intensity of H 13 is equivalent to the S03H group content. The H NMR signal for S03H is difficult to be recorded directly due to the fact that the proton is able to change its position [24] , The DS can be calculated by below equation
Where S is the total number of hydrogen atoms for repeat unit of the polymer before sulfonation which is 12 for PEEK, A) is the peak area ofthe H 13 signal for SPEEK and A z is the sum of the peak areas of all the signals H 13 for SPEEK Finally DS should be multiplied by 100 to be expressed by percentage.
The result of the H NMR for SPEEK is . presented in Figure 5 . From the Figure 5 the HI, Hz, H 3 and H 4 of non-sulfonated repeat units show their characteristic singlet almost at 7.25 ppm. The sulfonation process happening at the position where the sulfonic functional group is introduced to the aromatic ring causes this type of protons to differentiate into three categories; H 13 (the singlet at almost 7.5 ppm), H l 4 (the doublet at almost 7.22 ppm) and H 15 (the doublets at almost 7.12 ppm). According to the equation 7 and results which are tabulated in Figure 4 , the DS was found to be 68.
Water Uptake Study at Different Temperatures
In this study water uptake of all membranes was carried out from room temperature to 80°C and the results are summarized in Table 1 . From the Table 1 , it can be observed that firstly, the water uptake of all membranes increased when temperature increased;this is most likely because of ionic cluster formation, When the temperature is high the sulfonic groups will readily form ion domains, which are hydrophilic and are responsible for the majority ofthe water uptake [251 .
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Proton Conductivity Study at Different Temperatures
Proton conductivity of SPEEK (68), SPEEK (68) / cSMM membranes and Nafion112 was carried out at different temperatures. According to the results which are tabulated in Table 2 the proton conductivity changes with temperatures is as follows. First of all proton conductivity of all membranes increased as the temperature increased, the reason is when temperature increment occurs, consequently rate of proton migration increases, moreover in case of SPEEK (68) and SPEEK (68)/cSMM membranes the dissociation of the sulfonic acid groups increases considerably at high temperatures, however in Nafion112 case the dissociation reaches almost 100% at room temperature so the increment of proton conductivity mostly is because of proton mobility rate increment for Nafion 112 [11] . Secondly the highest amount of proton conductivity at each individual temperature was for Nafion112 despite of its lower water uptake. The reason is due to the differences between Nafion112 and SPEEK membranes structure. In surface more hydrophilic as compared to the SPEEK (68) and Nafion1l2 [21] . According to the data from the Table 1 water uptake of the SPEEK (68) and SPEEK (68)/cSMM membranes increased significantly at high temperatures. The highest amount of water uptake at each individual temperature was allocated to the SPEEK (68)/cSMM before 80 aC (101.29% at 70°e), on contrary the lowest one was for . . Nafionl12.
For showing the effect of temperature on water uptake of all membranes better, the water uptake of membranes were plotted versus temperature, as shown in Figure. 6.
. 40 60 80 1DO T(OC) Figure 6 Water uptake of SPEEK68, SPEEK (68) /cSMM andNafion112 membranes at different temperatures Secondly the water uptake of SPEEK (68) and SPEEK (68)/cSMM membranes were considerably more than that of Nafion1l2 at each individual temperature, this may be due to the microstructure of the polymers which is distributed in two domains', in SPEEK membrane the hydrophobic/ hydrophilic domain difference is smaller than that of Nafion due to its backbone which is less hydrophobic when its sulfonic acid functional group is less hydrophilic as compared to Nafion [26] . This causes hydrated hydrophilic domain of the SPEEK membranes can be expanded, but in Nafion less branched ofits pertluorinated polymer backbone limits the hydrophilic domain hydration [23] ,
The final trend according to the data is that the SPEEK (68)/cSMM blend membranes showed more water uptake as compared to SPEEK (68) and Nafion 112 at each individual temperature, the reason is due to cSMM which provides more sulfonic acid groups and makes the membrane [26] . subsequently lower proton conductivity compare to Naflon l l Z. Secondly between SPEEK and SPEEK/cSMM membranes at same DS and at each individual temperature the SPEEK/ cSMM membrane showed higher proton conductivity. the reason is due to the cSMM which provides more sulfonic acid groups and makes the membrane more hydrophilic and more water uptaeke compare to the SPEEK (21] and finally according to the Table 2 which has been tabulated below the proton conductivity of SPEEK (68)/cSMMdecreased at 80 a C, The reason is due to dissolution and loss of mechanical stability of the membrane at high temperatures [11] . Figure 7 depicts proton conductivity changes over the temperatures clearly.
Methanol Permeability Study at Different Operating' Temperatures
In this study methanol permeability of all membranes was carried out from room temperature to BO°C and the results are summarized in Figure 7 . From the Figure 8 some observation can be described about the trend of the methanol permeability with the elevated temperature. First of all methanol permeability of all membranes increased when temperature increment occurred, the reason is faster molecular movement due to heat increment and conseq uently increasing rate of methanol permeability. Secondly according to the Figure 7 the highest methanol permeability was for Nafion1l2 (1.77xl0-6 and cm 2 5 .52 x 10-6 --at room temperature and s 80°C, respectively). The reason is due to the Nafion112 and SPEEK structural differences; in Nafion112 case channels are wider so it is easier for methanol to pass through these channels [23J.
Thirdly it can be seen from the Figure 7 that methanol permeability of SPEEK (68)/cSMM membrane was lower in comparison with SPEEK (68) membrane, The reason is methanol permeability mostly occurs via free water inside the interconnected membrane structure channels and trivially via non-freezing bound water associated with the ionic sites, since the addition of cSMM reduces the free water content, probably due to the reduction in the size of the interconnected channels, decreased in methanol permeability seems natural [21] .
Overall Membranes Characteristics
The overall performance for membranes was calculated at 60 DC. According to the Figure 9 which is illustrated, SPEEK (68)/cSMM membrane showed higher overall performance (4.51 x 10 4 ) at 60°C, while the lowest one was allocated to Nafion112 (2.12 x 10 4 ) , Decrement in methanol permeability and at the same time increment in proton conductivity causes cell efficiency and power density to increase [4] , so the blended membrane has potential to be used in DMFC instead of Nafion 112 due to its higher overall performance. Water uptake of the blended membrane showed improvement compared to SPEEK (68) and Nafion 112. Furthermore proton conductivity also was higher as compared to SPEEK (68), but still lower than that of Nafion112. Moreover methanol permeability of SPEEK (68)IcSMM was lower than SPEEK (58) and Nafion112 and finally the highest overall performance at 60 DC also was allocated to SPEEK (68)/cSMM. These results indicate that SPEEK (58)/cSMM membrane is promising to be used as a proton exchange membrane in direct methanol fuel cell.
